The ultrastrong-coupling regime, where the atom-cavity coupling rate reaches a considerable fraction of the cavity or atom transition frequencies, has been reported in a flux qubit superconducting quantum circuit coupled to an on-chip coplanar resonator.
vacuum expectation value ( G|X|G = 0) displaying a high degree of first order coherence | G|â|G | 2 / G|â †â |G 1 also when the symmetry breaking is induced by an external flux offset f = Φ ext −Φ 0 /2. The coherence properties of this peculiar ground states can be directly probed by fast modulating or switching the resonator-qubit interaction rate. Specifically we show that such a modulation or switch gives rise to quantum vacuum radiation with a high degree of first-order optical coherence. The strong coupling between states with different number of excitations determined by symmetry breaking induced by a flux offset in the USC regime has been demonstrated in a flux qubit interacting with an on-chip resonator in the USC regime [14] . Analogous effects have been predicted in cavity-embedded asymmetric double quantum wells [30] .
The nonzero vacuum expectation value of the resonator field is reminescent of the Higgs scalar fieldφ whose expectation value in the vacuum state 0|φ|0 = v is different from zero [31] . In the standard model, the W ± and Z weak gauge bosons would be massless as a consequence of the electroweak (SU (2) × U (1)) gauge symmetry. However, according to the Higgs mechanism, the gauge symmetry is broken and the mass is gained by the interaction of gauge bosons with a scalar field (so-called Higgs field) having a nonzero vacuum expectation value as a consequence of spontaneous symmetry breaking [32] . Here we show that the parity symmetry of an artificial atom with an even potential is broken by the interaction with a resonator with a nonzero field vacuum expectation value G|X|G = 0 in close analogy with the Higgs mechanism (Fig.1a) . The signature of symmetry breaking is the appearance of two-photon transitions among levels with opposite parity which are forbidden by parity selection rules as schematically shown in Figure 1b . Spontaneous symmetry breaking is a widespread phenomenon in physics, nevertheless controllable experiments were the nonzero vacuum expectation value of a field breaks the symmetry of a quantum system are absent at our knowledge. Spontaneous symmetry breaking is an important feature of quantum phase transitions and typically implies the appearance of degenerate ground states. One example is given by the Dicke model [27] , describing a collection of two-level systems interacting with a single-mode bosonic field. Recently an experimental realization with pump-dressed atoms embedded in an optical cavity has been reported [33] . In order to have a Dicke phase transition with a time-independent Hamiltonian and a true ground state, settings based on superconducting circuit QED have been proposed [28, 29] . One drawback however of systems with these features is that the macroscopic coherence of the resonator field in the ground state cannot give rise to a detectable optical signal. These ground state excitations are actually virtual otherwise an observation of a stream of photons from a ground state would give rise to perpetuum mobile behaviors [7, 34] . The here proposed Higgs-like mechanism can thus be exploited as a means to probe the occurrence of vacuum coherence in this kind of quantum phase transitions.
We start considering a quantum circuit constituted by a coplanar resonator interacting with a number of flux qubits in the USC regime (Fig.1a) . For suitable junction sizes, the qubit potential landscape can be reduced to a double-well potential, where the two minima correspond to states with clockwise and anticlockwise persistent currents ±I p [14] . At f = 0, the lowest two energy states are separated by an energy gap ∆. In the qubit eigenbasis, the qubit Hamiltonian readsĤ q =hω qσz /2, wherehω q = ∆ 2 + (2I p f ) 2 is the qubit transition frequency with f = Φ ext − Φ 0 /2. We note that the two-level approximation is well justified because of the large anharmonicity of this superconducting artificial atom. The fundamental resonator mode is described as a harmonic oscillatorĤ c =hω c (â †â + 1/2), where ω c is the resonance frequency; generalization to include higher frequency modes is straightforward.
The total Hamiltonian for this quantum circuit can be written as,
Hereσ (j)
x,z are Pauli operators for the j-th qubit, g is the coupling rate of the qubits to the cavity mode, and the dependence on the external magnetic fluxes threading the qubits is encoded in the angle θ by the relation cos θ = ∆/(hω q ). When f = 0 the potential of the artificial atom is a symmetric double-well potential then, below critical coupling rates, the selection rules are the same as the ones for the electric-dipole transitions in usual atoms.
This situation corresponds to θ = 0. In this case Eq. (1) reduces to the standard Dicke Hamiltonian. When f = 0 (θ = 0 ), the parity symmetry is broken and one-and two-photon transitions can coexist [25] . The Hamiltonian (1) can be diagonalized numerically. When the coupling rate reaches a considerable fraction of the cavity mode resonance frequency ω c , the ground state |G acquires a non-negligible amount of excitations. Figure 2a displays a contour plot of the vacuum expectation value v = G|X|G as a function of the coupling rate g and the angle θ at positive detuning δ = ω q − ω c = 0.7 ω c obtained for a resonator coupled to only one qubit. For θ = 0 , the ground state contains only states with an even number of excitations so that G|X|G = 0. On the contrary, when θ = 0 the ground state contains also odd excitations so that v ≡ G|X|G = 0. In particular, it can be observed that G|X|G becomes larger for high values of both the coupling rate g and the angle θ. Figure 2b shows an analogous calculation obtained for a resonator coupled to three qubits. At large coupling rates, when the ground state becomes quasidegenerate [28] , the resonator field acquires a significant vacuum expectation value even for θ 0 when the double well potential of the qubits tends to be even: a clear example of a vacuum field (ground state) expectation value induced by spontaneous symmetry breaking. In summary panel 2b displays the transition from an externally controlled to a spontaneous simmetry breaking. As discussed above, these virtual photons in the ground state cannot be detected. If it would be possible to abruptly switch-off the coupling rate g, the bound (virtual) photons present in the ground state could be released producing an output photon flux
is the resonator loss rate due to external coupling. A more feasible way to detect such an extracavity quantum vacuum radiation is to apply a harmonic temporal modulation of the cavity-atom coupling rate [7] of the form g = g 0 + g 1 sin ωt. Such switches and modulations can be realized by suitable schemes applying external time-dependent magnetic fields [35] . We now study the influence of the nonzero vacuum expectation value of the resonator on an additional flux qubit (P qubit). Specifically we consider the P qubit interacting with the resonator at negative detuning δ = ω q − ω c −g , wherehω q = ∆ is the transition energy of this second qubit and g < g is its coupling rate with the resonator. This P qubit is subject to an even potential landscape and it can be directly excited by a microwave antenna. The total system Hamiltonian can thus be written aŝ
whereσ x(z) are Pauli operators acting on the Hilbert space of the P qubit, the third term in Eq. (2) describes the interaction of the qubit with the resonator and the last one describes the qubit excitation by an applied time-dependent microwave electromagnetic field.
We start with an approximate theoretical analysis, then we will show the results of a full numerical test. In the dispersive regime, if the second qubit is excited with a low frequency field (ω << ω c ), the USC system (resonator plus the first qubit) can be assumed to be into the ground state. In this case the effective Hamiltonian felt by the second qubit iŝ H = G|Ĥ|G . Dropping a constant contribution,Ĥ can be written as,
The termhg vσ x arising from the vacuum expectation value of the resonator field induces a symmetry breaking on the P qubit. Changing the qubit basis in order to diagonalize the time-independent part of Eq. (3) we obtain,
where ω q = ∆ /h 2 + (2g v) 2 and sin α = 2g v/ω q . By considering a monochromatic excitation signal E(t) = E 0 sin(ωt) and applying standard time-dependent second-order perturbation theory, we obtain the two-photon transition rate,
As expected by dipole selection rules, this transition rate is zero for a zero vacuum expectation value of the resonator field (v = 0 ⇒ α = 0). On the contrary a nonzero vacuum expectation value activates two-photon transitions giving rise to an absorption peak at ω = ω q /2 which is a direct evidence of the parity-symmetry breaking mechanism induced by the vacuum field of the resonator. The two-photon transition rate is maximum at α = π/4.
As shown in Fig. 2b , the vacuum expectation value v can reach values of the order of 2 already with only three qubits coupled to the resonator. In the presence of quite large v values, the angle α can reach nonnegligible values even for a relatively small coupling g .
In order to highlight the analogy with the Higgs mechanism, let us describe this quantum circuit analogy from the point of view of experimenters with limited resources. Specifically we assume that they have direct access only to the P qubit and that in their laboratory they have only excitation sources with a limited energy rangehω <hω c . They know that the artificial atom P under investigation has an even potential. They start probing the qubit and find a resonance at ω = ω q and are very surprised to find also an additional resonance at ω = ω q /2. The observed coexistence of one-and two-photon processes is a signature of parity symmetry-breaking. Hence they start searching for a mechanism explaining the observed symmetry breaking. One of them may cojecture that this effect could originate from the interaction of the qubit with a quantum field displaying a nonzero vacuum expectation value (the resonator in the USC regime). This additional quantum field is expected to be in its ground state since in the investigated energy range no additional resonances are found.
Moreover they are aware that if this ghost field actually interacts with the qubit, it should be possible to excite it probing the qubit with an higher energy source. Finally they get such a source and will find at higher energies a new peak corresponding to the dressed resonance frequency of the resonator. Such a peak will be shown in the subsequent full numerical demonstration.
To provide full evidence for the above reasoning, we present a numerical demonstration based on the solution of a master equation in the dressed-states basis that takes into account the influence of the qubits-resonator coupling in the interaction of each subsystem with the environment [36, 37] . We calculate numerically the system dynamics under the effect of
Hamiltonian (2) and interacting with zero temperature reservoirs (see Methods). According to Eq. (2) the P qubit is excited by an applied monochromatic microwave field E(t) = E 0 sin(ωt). Figure 3 displays the excited state population of the P qubit . The lowest energy peak corresponds to the dressed resonance frequency ω q of the P qubit (see Methods).
The inset in Fig. 3 shows that an additional absorption peak, corresponding to two-photon absorption, is observed at ω/ω c = ω q /2. As this absorption peak describes a two-photon process, a larger modulation amplitude than that used for obtaining the main spectrum displayed in Fig. 3 has been applied. The appearence of this two-photon transition is a clear signature of the parity simmetry breaking of the P qubit induced by its interaction with a resonator displaying a nonzero field vacuum expectation value. The basic idea under the search for the Higgs boson is that symmetry-breaking fields, when suitably excited, must bring forth characteristic particles: their excitation quanta. The peak at higher energy hω c in Fig. 3 arises from the excitation of the quantum field (the resonator in the USC regime) via its interaction with the P qubit. Such a resonance confirms that the violation of parity symmetry of the P qubit can be attributed to the vacuum expectation value of a quantum field, the analogous of the Higgs field whose resonance energy is at abouthω c . The used parameters are provided in the figure caption. Higher values of two-photon excitation rate can be obtained for resonators coupled in the USC regime with more artificial atoms, even in the presence of a lower coupling with the P qubit. In this case the very interesting situation of an Higgs-like symmetry breaking mechanism induced by a resonator field vacuum expectation value arising from spontaneous symmetry breaking can be realized.
In conclusion we have shown that superconducting circuits can be used to realize a symmetry-breaking quantum vacuum. Specifically we have shown that the parity symmetry of an artificial atom (P qubit) with an even potential is broken by the interaction with a resonator field displaying a nonzero vacuum expectation value in close analogy with the symmetry-breaking Higgs mechanism. We have also shown that when the P qubit is excited at suitable energy its interaction with the resonator field determines the excitation of a detectable field excitation, the analog of the so-called Higgs-particle [31, 32, 38] . Symmetry breaking of the electroweak theory and the recent observation of the Higgs boson [38] provide a clear evidence that the vacuum is a physical entity able to affect the properties of elementary particles. The results here presented show that the fundamental features of this scenario can be reproduced in controllable quantum optical experiments. The proposed phenomenon is based on superconducting quantum circuits, but it can in principle be implemented also with other solid state systems sharing two key features, light matter ultrastrong coupling and parity symmetry breaking as e.g. asymmetric, doped quantum wells embedded into a planar photonic cavity [30] . The here proposed Higgs-like mechanism can also be exploited to probe the occurrence of vacuum quantum coherence in quantum phase transitions occurring in systems with time independent Hamiltonians and true ground states.
I. METHODS

A. Photodetection in the USC regime
One of the most inconvenient issue arising in the ultrastrong coupling regime is that the usual normal order correlation functions fail to describe the output photon emission rate and photon statistics [36] . An incautious application of these standard relations for an USC system in its ground state |G , which now contains a finite number of photons due to the counter-rotating terms in the system Hamiltonian, would therefore predict an unphysical stream of output photons so that G|â †â |G = 0 .
In order to derive the correct output photon emission rate (e.g. physical photons that can be experimentally detected), the cavity-electric field operatorX =â +â † has to be expressed in the atom-cavity dressed basis [34] . Once the field operator is expressed in the energy eigenstates |j of the total system Hamiltonian, it can be easily separated in its positive and negative frequency components,X + andX − , leading to the relations:
where X jk ≡ j|â † +â|k .
It is important to notice that the positive frequency component ofX, according to its actual dynamics, is not simply proportional to the photon annihilation operatorâ. Moreover, the expected resultX + |G = 0 is correctly obtained for the system in its ground state in contrast toâ|G = 0. According to the input-output theory for resonators, it can be shown that the extracavity emission rate is given by:
where the rate γ c represents the cavity damping due to the interaction of the single cavity mode with the continuum of the external modes. Following an analogous procedure, it can be shown that the emission rate from a qubit is proportional to σ
with σ jk x ≡ j|σ x |k .
B. Master equation
In order to correctly describe the quantum dynamics of the system, dissipation induced by its coupling to the environment needs to be considered. Assuming that the cavity and the two level system are weakly coupled with two different baths of harmonic oscillators, the standard approach where the coupling g is ignored while obtaining the dissipative part of the master equation would lead, for a T = 0 reservoir, to the well known standard master equation. The standard quantum optical master equation can be safely used to describe the dynamics of the system in the weak and strong coupling regimes, in which the ratio g/ω c is small enough for the RWA approximation to be still valid.
In the ultrastrong coupling regime however, owing to the high ratio g/ω c , the standard approach fails to correctly describe the dissipation processes and leads to unphysical results as well. In particular, it predicts that even at T = 0, relaxation would drive the system out of its ground state |G generating photons in excess to those already present.
The right procedure that solves such issues consists in taking into account the atom-cavity coupling when deriving the master equation after expressing the Hamiltonian of the system in a basis formed by the eigenstates |j of the total system Hamiltonian [34, 36, 37] . The dissipation baths are still treated in the Born-Markov approximation. Following this procedure it is possible to obtain the master equation in the dressed picture [36] . For a T = 0 reservoir, one obtains:ρ
Here L a and L x are the Liouvillian superoperators correctly describing the losses of the system where
.Ĥ S is, in general, the system Hamiltonian in the absence of the thermal baths. In the limit g → 0, standard dissipators are recovered.
The relaxation rates Γ These relaxation coefficients can be interpreted as the full width at half maximum of each |k → |j transition. In the Born-Markov approximation the density of states of the baths can be considered a slowly varying function of the transition frequencies, so that we can safely assume it to be constant as well as the coupling strength. Specifically, we assume ext One of the most surprising predictions of modern quantum theory is that the vacuum of space is not empty but filled with a sea of virtual particles. A direct evidence of the existence of such virtual particles is provided by the dynamical Casimir e↵ect [1] .
It predicts that vacuum amplification e↵ects, resulting in the creation of real particles out of vacuum fuctuations, are induced by rapidly modulating the boundary conditions of a quantum field. This phenomenon is closely related to other pair creation mechanisms [2] as the parametric amplification, the Schwinger process [3] , the Unruh e↵ect [4] and the Hawking radiation [5] by which vacuum fluctuations are amplified into real photons. For many years, almost all of these e↵ects could not be experimentally verified due to the extreme conditions under which these dynamical phenomena become appreciable. Specifically, to observe the dynamical Casimir e↵ect, a rapid modulation of the boundary conditions of the electromagnetic field with peak velocities close to the speed of light was required. This fact led to a great variety of proposals [6] [7] [8] [9] to create physical systems able to generate the desired amplification e↵ects, for instance using surface acoustic waves, nanomechanical resonators, or modulation of the electrical properties of a cavity. Recently, due to the experimental progress in the development of circuit QED systems [10] [11] [12] [13] , the dynamical Casimir e↵ect has been observed in superconducting circuits [14, 15] . Actually, by modulating the inductance of a superconducting quantum interference device (SQUID) connected to the extremity of a coplanar transmission line, it is e↵ectively possible to change the electrical length of the circuit with a very fast change rate (a substantial fraction of the speed of light) providing the necessary time-dependent boundary conditions for real photons to be emitted.
The dynamical Casimir e↵ect has also been demonstrated using a Josephson metamaterial embedded in a microwave cavity [16] . In this case, the modulation of the e↵ective length of the cavity is obtained by flux-biasing the metamaterial consisting of an array of SQUIDs which form the e↵ective signal line of a superconducting coplanar waveguide.
As superconducting circuits based on Josephson junctions can behave like artificial atoms, thanks to the recent technological advances it was also possible to exploit them for the implementation of a wide variety of atomic-physics and quantum-optics experiments on a chip [13] . Because these artificial atoms display very high coupling rates with microwave cavity photons, it is easy to obtain the strong coupling regime even with a single artificial as the parametric amplification, the Schwinger process [3] , the Unr Hawking radiation [5] by which vacuum fluctuations are amplified i many years, almost all of these e↵ects could not be experimentally verifi conditions under which these dynamical phenomena become apprec observe the dynamical Casimir e↵ect, a rapid modulation of the boun electromagnetic field with peak velocities close to the speed of light w led to a great variety of proposals [6] [7] [8] [9] to create physical systems able t amplification e↵ects, for instance using surface acoustic waves, nanom or modulation of the electrical properties of a cavity. Recently, du progress in the development of circuit QED systems [10] [11] [12] [13] , the dynam been observed in superconducting circuits [14, 15] . Actually, by modu of a superconducting quantum interference device (SQUID) connec of a coplanar transmission line, it is e↵ectively possible to change of the circuit with a very fast change rate (a substantial fraction providing the necessary time-dependent boundary conditions for real p
The dynamical Casimir e↵ect has also been demonstrated using a Jo embedded in a microwave cavity [16] . In this case, the modulation of the cavity is obtained by flux-biasing the metamaterial consisting o which form the e↵ective signal line of a superconducting coplanar wa As superconducting circuits based on Josephson junctions can beha thanks to the recent technological advances it was also possible to ex plementation of a wide variety of atomic-physics and quantum-optics [13] . Because these artificial atoms display very high coupling rates ity photons, it is easy to obtain the strong coupling regime even w The quantum states |g and |e of the P qubit have definite parity so that, according to selection rules for electric-dipole transitions, two photon transitions |g → |e are forbidden (left panel).
However, the parity symmetry of the P qubit is broken when the resonator acquires a nonzero vacuum expectation value v = G|X|G = 0 (right panel) so that two-photon transitions become allowed. Loss rates for the cavity and the qubits are γ c = γ q = γ q = 5 × 10 −4 ω c . The lowest energy peak corresponds to the dressed resonance frequency ω q of the P qubit. The higher energy peak arises from the excitation of the quantum field (the resonator in the USC regime) interacting with the P qubit. As the P qubit has an even potential, no two-photon transitions should be allowed.
Surprisingly, an additional absorption peak is observed at ω/ω c = ω q /2 (see inset). The appearence of this two-photon transition is a direct evidence of the parity symmetry breaking induced by the interaction of the P qubit with the resonator displaying a nonzero vacuum expectation value. Such a mechanism is in close analogy with the Higgs mechanism where the gauge symmetry of the weak force's gauge bosons is broken by the nonzero vacuum expectation value of the Higgs field.
